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Smart polymeric materials, which predictably respond to subtle environmental cues, are 
some of the most versatile tools in biomedical research, finding applications in tissue 
engineering, textiles, wound healing, drug delivery, and biosensors.[1] While stable under 
normal physiological conditions, these polymer matrices can be designed to be sensitive to 
chemical markers of disease, such as low pH, reactive oxygen species, and specific 
enzymes,[2] or to external inputs like heat, magnetic field, ultrasound, and light.[3, 4] Light is 
a very attractive source of energy as it can be applied with a high degree of spatial and 
temporal resolution. Moreover, with the availability of diverse light sources, including 
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highly tuneable pulsed and continuous wave laser systems, a broad range of parameters (i.e., 
wavelength, intensity, pulse length, exposure time) can be adjusted precisely to control 
biomaterial behavior.
UV light-degradable polymers, which respond to photo-cleavage of a protective group by 
degrading into their component monomers, are known tools for the remote controlled release 
of therapeutics.[4–6] However, their applications are limited by the short penetration depth of 
UV light through biological tissue and its detrimental high energy. As a stimulus for 
minimally invasive therapies in an in vivo setting, the near infrared region (NIR, 750–1000 
nm) presents distinct advantages, since its long wavelength allows it to penetrate deep into 
tissues and its low energy is not harmful to healthy cells.[7] Though very few photo-labile 
protecting moieties are susceptible to NIR light, some UV-sensitive leaving groups are able 
to absorb the energy required for photo-cleavage through simultaneous, two-photon 
absorption.[8, 9] This process, however, requires high peak powers from femtosecond pulsed 
lasers focused onto a very small cross-sectional area (1mm
2
 or less) and is generally 
inefficient and slow due to low two-photon absorption cross sections of the 
chromophores.[10] Alternatively, incorporating upconverting nanoparticles (UCNPs) has 
recently emerged as a strategy for harnessing the energy of NIR light to do 
photochemistry.[11–13] Rather than absorbing two photons simultaneously, UCNPs exploit 
the physical properties of their lanthanide dopants to sequentially absorb several photons of 
NIR light and emit a single photon in the UV or visible range.[14] This physical process 
offers remote access to diverse UV-Vis photochemistry. Incorporating UCNPs could 
potentially bridge the gap between the available photo-responsive polymers and non-
invasive, low-energy NIR light ideal for biomedical applications. We envision using UCNP-
assisted photochemistry for a plethora of applications such as remote manipulation of 3D 
tissue cultures, activation of chemotherapeutics in specific target sites, and delivery of 
bioactive agents to initiate and study biological phenomena.
Herein, we present the first example of robust depolymerization of a biomaterial triggered 
by UV upconverted luminescence. As illustrated in Figure 1A, the strategy consists of 
loading UCNPs, along with bioactive model cargo, in polymeric NPs. Upon excitation at 
980 nm, UV photons emitted from the encapsulated NaYF4:Yb.Tm UCNPs are absorbed by 
the o-nitrobenzyl (ONB) photo-responsive moieties,[9, 15] showing impeccable spectral 
overlap with the UCNPs’ UV emission (Figure 1B). The prevalence of the ONB triggering 
groups on each cresol monomer ensures efficient degradation through a cascade of 
cyclization and rearrangement reactions in response to minimal UV exposure (Figure 1C).[4] 
UCNP-assisted disassembly of micelles and hydrogels has been reported recently,[13] but, to 
the best of our knowledge, no study demonstrating the ability of UCNP radiative energy to 
induce degradation of polymer particles and subsequent cargo release has been published to 
date.
Highly luminescent core-shell NaYF4:Yb.Tm nanoparticles (core = NaYF4: 30% Yb3+, 0.5 
% Tm
3+; shell = NaFY4) were synthesized following a method published by Carling et 
al.[11] The core-shell UCNPs possess a uniform rod-like shape and are 33 ± 1 nm in length 
and 28 ± 1 nm in width, as determined by statistical analysis of the TEM images (Figure 
S1). These core-shell NaYF4: Yb.Tm crystals display NIR-to-visible and NIR-to-UV 
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upconversion (Figure 1B) with a sharp excitation maximum at 980 nm (Figure S2). Light-
sensitive polymer capsules incorporating consistent concentrations of core-shell UCNPs and 
a hydrophobic model cargo, coumarin 153 (C153), were obtained using a simple, single-step 
electrospray process. High voltage was applied to a mixture of polymer, UCNPs, and 
fluorophores in organic solvent to break the liquid into a jet of very fine aerosol droplets, 
resulting in a dry powder that can be stored in darkness indefinitely and is easily dispersed 
in aqueous solutions. Compared to several particle fabrication techniques (e.g. emulsion), 
electrospray is a commercially viable method of choice. It is fast and simple, requires 
minimum amounts of solvent, and allows highly efficient encapsulation of both hydrophilic 
and hydrophobic molecules, as well as inorganic particles and fragile biomolecules.[16] 
Also, many variables (electrostatic field strength, needle diameter, solution flow rate, 
concentration) can be tuned to obtain narrow size distributions of nanoscale and microscale 
particles.[16] Because we did not pursue a particular application for NIR-triggered release, 
we chose an arbitrary polymeric particle size. We have produced empty and UCNP-
containing medium sized particles with diameters varying between 300 and 1000 nm (Figure 
2A, B). TEM microphotographs showed good encapsulation efficiency, with no evidence 
that UCNPs escaped the polymer matrix. The number of UCNPs per NP was tuned by 
observing loading via TEM imaging, where underloading and overloading could be easily 
detected by either the presence of multiple empty polymer particles or composite particles 
falling into pieces with a barely discernible polymer matrix, respectively, and subsequently 
adjusting the concentration of UCNPs in the electrosprayed solution. Upon irradiation NPs 
of encapsulating UCNPs at 980 nm, luminescence emanates from the excited UCNPs as 
blue light, a spectral region where the polymer does not absorb significantly (Figure 2C). 
Also, efficient radiative energy transfer from the UCNPs to the ONB polymer was observed 
in the region of spectral overlap (300 – 400 nm) when comparing the luminescence 
spectrum of free UCNPs in solution with the spectrum of UCNPs trapped in the UV-
absorbing polymer matrix (Figure 2D). As expected, luminescence intensity below 400 nm 
was significantly lower in the spectrum from polymer-entrapped UCNPs, indicating the 
polymer absorbs most of the light emitted by the UCNPs. To rule out the possibility that the 
lower UV luminescence collected from the composite polymer material was only a result of 
polymer-mediated scattering of the UCNPs’ luminescence, spectra were also collected from 
UCNPs dispersed in a mix of CHCl3/CH3OH (19:1) combined with varying concentrations 
of light-degradable polymer (Figure S3). While luminescence intensity remained constant 
above 400 nm, a progressive decrease in the luminescence was detected below 400 nm as 
the polymer concentration was increased. This again supports the occurrence of efficient 
energy absorption of the upconverted UV emission by the polymer matrix, which, with 
adequate excitation energy, should translate into efficient photo-cleavage of the ONB 
protecting groups and degradation of the polymer carriers.
Degradation of polymer capsules was studied by gel permeation chromatography (GPC). 
Polymer nanocomposites dispersed in PBS at pH 7.4 were exposed to pulsed laser light (980 
nm) for various periods of time (0 – 4 hrs) and different power densities (0.25 – 1 W). After 
irradiation, degradation was allowed to proceed in PBS (pH 7.4) at 37 °C for 48 hrs. GPC 
chromatograms (Figure 3A) confirmed successful depolymerization of the UCNP-loaded 
polymer capsules upon irradiation at 980 nm (1 W), as the peaks decreased in intensity and 
Viger et al. Page 3













shifted to a longer retention time, characteristic of the appearance of degradation products, 
i.e., monomers, oligomers, polymer building blocks (see GPC chromatograms of expected 
byproducts, Figure S4). However, no significant change in peak shape was observed when 
pure polymer NPs were irradiated, indicating that upconverted UV luminescence is required 
for 980 nm irradiation to induce polymer degradation (Figure 3B). Interestingly, a lack of 
cytotoxicity of the light-sensitive polymer and the degradation products after light exposure 
was measured using a 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) 
reduction assay. No significant differences in cell viability were also observed between the 
intact polymer and the degraded polymer (Figure S5). When loaded with UCNPs, the degree 
of polymer degradation was strongly dependent on irradiation time and laser power density. 
Average molecular weights extracted from GPC traces (1 W: Figure 3A, 0.5 W: Figure S6) 
revealed fragmentation directly proportional to irradiation time and laser power density 
(Figure 3C). UCNP-loaded polymer capsules showed a 60% and a 30% reduction when 
irradiated for 4 hrs at 1 W and 500 mW, respectively. The degree of degradation and 
fragmentation of the particles depends strongly upon the extent of ONB group removal, 
which is greater at high laser intensities and long irradiation time, explaining the difference 
in changes in polymer molecular weight shown in Figure 3C. After incubation, TEM 
micrographs confirm degradation of the polymer nanoparticle structure; only then were free 
UCNPs observed (Figure S7). Attempts to degrade polymer capsules using lower power 
densities, i.e., 350 and 250 mW, led to unfragmented polymer capsules. Nevertheless, 
successful depolymerization at 500 mW represents a minimum 6-fold reduction over 
required laser powers (i.e. > 3 W) previously reported to induce disassembly of polymer 
carriers using upconverted luminescence.[13] This may be attributed to the nature of the 
degradable hydrophobic polymer used in this study, which offers the advantage of 
disassembly on both the nanoscale (disintegration of the nanocarrier) and the molecular 
scale (polymer fragmentation).[4] Because of this unique polymer backbone fragmentation, 
fewer triggering events are needed to disassemble the nanocarriers compared to those made 
of polymers that disassemble by hydrophobicity switch. Although low in intensity, the laser 
power densities used in this study do not fall within a biologically benign regime.[17] The 
main limitation is the luminescent materials’ weak absorption coefficient (10−5 L•g−1•cm−1) 
and quantum yield (< 0.3%), making high illumination intensities still necessary.[18, 19] 
However, promising hybrid materials with enhanced upconversion efficiency have been 
reported recently. By providing either plasmonic coupling or dye-sensitization, 
upconversion luminescence has been increased by orders of magnitude.[19, 20] These 
improvements have the potential to transform the upconversion phenomenon into a realistic 
and viable tool for biological applications.
To evaluate the performance of this new strategy for controlled light-triggered release, 
polymer capsules containing UCNPs and C153 were dispersed in PBS at pH 7.4 and 
irradiated at 980 nm with pulsed laser at power varying between 250 to 1000 mW. The 
release of C153 upon irradiation was followed over time by fluorescence spectroscopy. 
C153 was chosen to model the release of small molecules from this polymer system because 
its fluorescence emission maximum reflects the polarity of its surrounding environment. Its 
well-characterized solvatochromic properties have been widely used to probe heterogeneous 
environments, such as supramolecular host cavities, micelles, and polymers.[21] The dye 
Viger et al. Page 4













concentration in the particles (~10 mmol per kg of polymer) was adjusted to exceed ~10−3 
M, so that fluorescence emission from the particle suspension would be self-quenched in the 
off-state because of non-fluorescent dimers, and would increase following dye release and 
loss of quenching.[22] Release was proportional to NIR laser power (Figure 4): when excited 
at 1 W, fluorescence intensity rapidly increased, indicating a fast release of the dye from the 
polymer capsules into the aqueous environment (Figure 4, open hexagons; see also Figure 
S8B for emission spectra) that saturated at around 60 min. Irradiation at 500 mW induced 
similar behavior (Figure 4, solid triangles); however, as expected, less material was released 
with this lower NIR laser power. C153’s emission is very sensitive to solvent polarity, 
causing a red shift in maximum emission wavelengths from 491 nm to 525 nm upon 
irradiation with 980 nm light, further indicating release from the hydrophobic environment 
of the nanoparticles into a more polar medium (Figure S8B). The amplitude of red shift in 
maximum emission wavelengths is proportional to the amount of dye present in the aqueous 
medium, so its progression can also be plotted over time to follow the rate of release (Figure 
S9). In contrast, irradiation at 250 mW caused no change in fluorescence intensity over 90 
min (Figure 4, open circles), similar to non-irradiated samples (Figure 4, solid squares; see 
also Figure S8A for emission spectra). These observations indicate that a minimum amount 
of energy must be provided to the polymeric material by the UCNPs in order to induce 
cleavage of the ONB protecting groups, essential for subsequent release from the polymer 
carrier. The kinetics of release of the dye molecules are faster than those of degradation, 
suggesting that dye is expelled from the polymer capsules not only because of degradation 
but also because of the drastic change in hydrophobicity of the particles upon photo-
cleavage. Cleavage of ONB from the polymer unmasks a large number of the secondary 
amino groups and rapidly makes the polymer capsules more permeable to water.[4, 5] Since 
980 nm is a water resonant wavelength, an increase of the sample’s temperature upon 
irradiation should be observed as the absorbed photonic energy is transformed into heat, 
which could trigger a phase change in the polymer capsules and increase their diffusivity 
enough to release the encapsulated content. To isolate the possible effect of photo-induced 
heating, we conducted a control experiment in which polymer carriers containing only C153 
were exposed to laser irradiation at 1 W for 90 minutes. Upon irradiation, fluorescence 
intensity increased slightly and the emission maximum wavelength shifted somewhat 
(Figure S8D, red circles; see also Figure S8C for emission spectra). Since irradiation 
increases sample temperature by 10 °C, this minor dye release can be attributed to a 
thermally induced phase change in the polymer carrier, which increases diffusivity.[23]
By encapsulating UCNPs in UV light-degradable polymer particles, which respond to 
photo-cleavage of a protective group by degrading into their component monomers, we 
could access efficient UV-Vis photochemistry using NIR laser light with great sensitivity. 
This strategy was used successfully to remotely control the release of a co-entrapped 
fluorophore payload. While few in vivo examples have been published, therapeutic 
applications of UCNPs are beginning to emerge,[24] leveraging their NIR sensitivity for 
photodynamic therapy, release of photo-caged species, and the disruption of UV-sensitive 
micelles and hydrogels for drug release. The low-power degradation of polymer particles 
reported herein is the first step to other processing possibilities that could include payload-
bearing thin films and other controlled release technologies that rely on bulk polymers. 
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While we chose not to use biocompatible UCNPs in this study as we did not pursue any 
biological studies, PEG or silica coatings have been shown to effectively eliminate 
lanthanide toxicity.[25] By bridging the gap between efficient UV photochemistry and deep-
penetrating low energy NIR light, biocompatible formulation of our polymer-UCNP blend 
materials have the potential to activate previously inaccessible targets both for technical and 
biological applications with unparalleled spatiotemporal control.
Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
Acknowledgements
The authors would like to express their gratitude to the NIH Directors New Innovator Award (1 DP20D006499-01) 
and King Abdul Aziz City of Science and Technology (KACST) for financially supporting this study, to Neil 
Branda and John-Christopher Boyer (4D Labs, Simon Fraser University) for their help regarding the synthesis of 
upconverting nanoparticles, to José M. Morachis for conducting the cytotoxicity assays and Caroline de Gracia-Lux 
for the help with gel permeation chromatography.
References
1. Alarcon CDH, Pennadam S, Alexander C. Chem Soc Rev. 2005; 34:276. [PubMed: 15726163] Hu 
JM, Liu SY. Macromolecules. 2010; 43:8315.Ma PX. Adv Drug Deliver Rev. 2008; 60:184.Stuart 
MAC, Huck WTS, Genzer J, Muller M, Ober C, Stamm M, Sukhorukov GB, Szleifer I, Tsukruk 
VV, Urban M, Winnik F, Zauscher S, Luzinov I, Minko S. Nat Mater. 2010; 9:101. [PubMed: 
20094081] Tokareva I, Minko S, Fendler JH, Hutter E. J Am Chem Soc. 2004; 126:15950. 
[PubMed: 15584714] 
2. de Gracia-Lux C, Joshi-Barr S, Nguyen T, Mahmoud E, Schopf E, Fomina N, Almutairi A. J Am 
Chem Soc. 2012; 134:15758. [PubMed: 22946840] Mahmoud EA, Sankaranarayanan J, Morachis 
JM, Kim G, Almutairi A. Bioconjugate Chem. 2011; 22:1416.Sankaranarayanan J, Mahmoud EA, 
Kim G, Morachis JM, Almutairi A. Acs Nano. 2010; 4:5930. [PubMed: 20828178] Vemula PK, 
Cruikshank GA, Karp JM, John G. Biomaterials. 2009; 30:383. [PubMed: 18930313] 
3. Derfus AM, von Maltzahn G, Harris TJ, Duza T, Vecchio KS, Ruoslahti E, Bhatia SN. Adv Mater. 
2007; 19:3932.Esser-Kahn AP, Odom SA, Sottos NR, White SR, Moore JS. Macromolecules. 2011; 
44:5539.Jing YJ, Zhu YH, Yang XL, Shen JH, Li CZ. Langmuir. 2011; 27:1175. [PubMed: 
21182239] Kim HJ, Matsuda H, Zhou HS, Honma I. Adv Mater. 2006; 18:3083.Liu SQ, Tong YW, 
Yang YY. Biomaterials. 2005; 26:5064. [PubMed: 15769542] Jochum Florian D, Theato P. Chem 
Soc Rev. 2012Yesilyurt V, Ramireddy R, Thayumanavan S. Angew Chem Int Edit. 2011; 50:3038.
4. Fomina N, McFearin C, Sermsakdi M, Edigin O, Almutairi A. J Am Chem Soc. 2010; 132:9540. 
[PubMed: 20568765] 
5. Fomina N, McFearin CL, Sermsakdi M, Morachis JM, Almutairi A. Macromolecules. 2011; 
44:8590. [PubMed: 22096258] 
6. de Gracia-Lux C, McFearin CL, Joshi-Barr S, Sankaranarayanan J, Fomina N, Almutairi A. Acs 
Macro Lett. 2012; 1:922. [PubMed: 23066523] 
7. Weissleder R. Nat Biotechnol. 2001; 19:316. [PubMed: 11283581] 
8. Pelliccioli AP, Wirz J. Photoch Photobio Sci. 2002; 1:441.Wirz J. Photoch Photobio Sci. 2012; 
11:445.
9. Zhao H, Sterner ES, Coughlin EB, Theato P. Macromolecules. 2012; 45:1723.
10. Aujard I, Benbrahim C, Gouget M, Ruel O, Baudin JB, Neveu P, Jullien L. Chem-Eur J. 2006; 
12:6865. [PubMed: 16763952] Furuta T, Wang SSH, Dantzker JL, Dore TM, Bybee WJ, Callaway 
EM, Denk W, Tsien RY. P Natl Acad Sci USA. 1999; 96:1193.
11. Carling CJ, Nourmohammadian F, Boyer JC, Branda NR. Angew Chem Int Edit. 2010; 49:3782.
Viger et al. Page 6













12. Shan JN, Budijono SJ, Hu GH, Yao N, Kang YB, Ju YG, Prud'homme RK. Adv Funct Mater. 
2011; 21:2488.
13. Yan B, Boyer JC, Branda NR, Zhao Y. J Am Chem Soc. 2011; 133:19714. [PubMed: 22082025] 
Yan B, Boyer JC, Habault D, Branda NR, Zhao Y. J Am Chem Soc. 2012; 134:16558. [PubMed: 
23013429] 
14. Haase M, Schafer H. Angew Chem Int Edit. 2011; 50:5808.
15. Klan P, Solomek T, Bochet CG, Blanc A, Givens R, Rubina M, Popik V, Kostikov A, Wirz J. 
Chemical Reviews (Washington, DC, United States). 2013; 113:119.Azagarsamy MA, Alge DL, 
Radhakrishnan SJ, Tibbitt MW, Anseth KS. Biomacromolecules. 2012; 13:2219. [PubMed: 
22746981] Li YM, Qian YF, Liu T, Zhang GY, Liu SY. Biomacromolecules. 2012; 13:3877. 
[PubMed: 23013152] Lv C, Wang Z, Wang P, Tang XJ. Int J Mol Sci. 2012; 13:16387. [PubMed: 
23208376] Pasparakis G, Manouras T, Argitis P, Vamvakaki M. Macromol Rapid Comm. 2012; 
33:183.Zhao Y. Macromolecules. 2012; 45:3647.
16. Jaworek A. Powder Technol. 2007; 176:18.Xu YX, Hanna MA. Int J Pharm. 2006; 320:30. 
[PubMed: 16697538] Chakraborty S, Liao IC, Adler A, Leong KW. Adv Drug Deliver Rev. 2009; 
61:1043.
17. Koester HJ, Baur D, Uhl R, Hell SW. Biophys J. 1999; 77:2226. [PubMed: 10512842] Konig K, 
Becker TW, Fischer P, Riemann I, Halbhuber KJ. Opt Lett. 1999; 24:113. [PubMed: 18071425] 
Konig K, So PTC, Mantulin WW, Gratton E. Opt Lett. 1997; 22:135. [PubMed: 18183127] 
18. Boyer JC, van Veggel FCJM. Nanoscale. 2010; 2:1417. [PubMed: 20820726] 
19. Zou WQ, Visser C, Maduro JA, Pshenichnikov MS, Hummelen JC. Nat Photonics. 2012; 6:560.
20. Liu N, Qin WP, Qin GS, Jiang T, Zhao D. Chem Commun. 2011; 47:7671.
21. Jones G, Jackson WR, Kanoktanaporn S, Bergmark WR. Photochem Photobiol. 1985; 42:477.
22. Viger ML, Live LS, Therrien OD, Boudreau D. Plasmonics. 2008; 3:33.
23. Chou CH, Chen CD, Wang CRC. J Phys Chem B. 2005; 109:11135. [PubMed: 16852358] 
Keurentjes JTF, Kemmere MF, Bruinewoud H, Vertommen MAME, Rovers SA, Hoogenboom R, 
Stemkens LFS, Peters FLAMA, Tielen NJC, van Asseldonk DTA, Gabriel AF, Joosten EA, 
Marcus MAE. Angew Chem Int Edit. 2009; 48:9867.
24. Idris NM, Gnanasammandhan MK, Zhang J, Ho PC, Mahendran R, Zhang Y. Nat Med. 2012; 
18:1580. [PubMed: 22983397] 
25. Esipova TV, Ye X, Collins JE, Sakadzic S, Mandeville ET, Murray CB, Vinogradov SA. Proc Natl 
Acad Sci U S A. 2012; 109:20826. [PubMed: 23213211] Abdul Jalil R, Zhang Y. Biomaterials. 
2008; 29:4122. [PubMed: 18675453] 
Viger et al. Page 7














Schematic representation: (A) upconverted luminescence triggers degradation and release 
from light sensitive nanoparticles; (B) spectral overlap between the UV emission profile of 
NaYF4:Yb.Tm core-shell UCNPs (black trace) and the absorption spectrum (shaded blue) of 
ONB triggering groups; (C) photochemical mechanism of light-triggered degradation.
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TEM microphotographs of polycresol NPs (A) with and (B) without UCNPs; (C) Optical 
photograph of the luminescence emitted from a suspension of UCNP-loaded polymer NPs 
upon 980 nm laser light exposure; (D) Luminescence spectra of UCNPs free in solution 
(black line) and trapped in polymer NPs (red line).
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Upconverted luminescence triggers degradation from light sensitive nanoparticles. GPC 
chromatograms of (A) UCNP-loaded polymer capsules and (B) polymer capsules without 
UCNPs, before and after irradiation at 1 W with pulsed laser light (980 nm) for various 
periods of time; (C) Change in molecular weight of the polymer before and after different 
irradiation periods at 1 W (solid squares) and 0.5 W (open circles) plotted as the percentage 
of remaining initial molecular weight. Absorbance measured at 350 nm.
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UCNP-induced release depends strongly on incident laser power. Fluorescence intensity of 
C153 after 15 min irradiation increments without irradiation (solid squares) and with 
irradiation (pulsed laser light, 980 nm) at 250 mW (open circles), 500 mW (solid triangles), 
and 1000 mW (open hexagons).
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